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Larvae of a Nudibranch Mollusc (Phestilla sibogae)

Metamorphose when Exposed to

CommonOrganic Solvents
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Abstract. Larvae of the nudibranch mollusc Phestilla

sibogae metamorphosed when exposed to 10 of 14 or-

ganic solvents. The active solvents included five alcohols

and ethanolamine, acetonitrile, acetone, dichlorometh-

ane, and toluene. Inactive solvents were ethylene glycol,

DMSO,benzene, and hexane. These compounds span a

wide range of polarities and contain a number of func-

tional groups. Ethanol induced metamorphosis after 1-

5 days of exposure at 0.5-0.001 A/, and maximally in-

duced about 65%of larvae to metamorphose in 3-5 days

at 0. 1 A/. Ethanol was lethal to larvae above 0.75 M(ca.

4%). Methanol was lethal only above 1.75 A/ (ca. 1%),

but produced less metamorphosis than ethanol at most

concentrations. The natural inducer of metamorphosis

in P. sibogae produced higher percentages of metamor-

phosis more rapidly than did any of the solvents. The

mechanism of metamorphic induction by the solvents is

not known, but they probably interfere with a wide range

of neuronal activities and trigger an existing metamor-

phic pathway. Precompetent (young) larvae did not

metamorphose in response to ethanol or methanol, but

juveniles produced by exposure of competent (mature)

larvae to ethanol or methanol survived to reproduce.

Larvae of one other mollusc species also metamorphosed

in response to ethanol, suggesting that larvae of other in-

vertebrates may also be induced to metamorphose by or-

ganic solvents. Larval biologists should be aware of this

possibility.

Introduction

Many marine invertebrate species have complex life

cycles, wherein a planktonic larval stage is both ecologi-
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cally and morphologically distinct from the following

benthic juvenile and adult stages. The planktonic and

benthic segments of these life cycles are joined by rela-

tively rapid and often drastic metamorphoses (see papers

in Chia and Rice, 1978). Such metamorphoses have been

subjected to considerable study (reviewed by Meadows

and Campbell, 1972; Crisp, 1974, 1976; Burke, 1983), as

researchers have been interested both in the ecology of

metamorphosis and in the physiological and morpho-

genetic process of metamorphosis itself.

In nature, metamorphosis is initiated by environmen-

tal "cues" that are ecologically relevant; these cues in-

duce larvae to metamorphose in sites where the probabil-

ity of survival to adulthood is relatively high. For exam-

ple, juveniles and adults of the nudibranch mollusc

Phestilla sibogae Bergh eat only coral of the genus Po-

rites, and larvae of P. sibogae metamorphose in response

to a kairomone produced by these corals (Hadfield,

1977). However, pharmacological studies with P. sibo-

gae and other invertebrates have revealed various neuro-

active compounds that can also induce larvae to meta-

morphose (Hadfield, 1977, 1984; reviewed by Burke,

1983). These compounds are of no apparent ecological

relevance, but interfere with larval nervous systems and

apparently activate pre-existing metamorphic pathways.

Such "artificial inducers" of metamorphosis have been

useful as pharmacological probes during the study of the

control of metamorphosis.

Workers in our laboratory have developed the Phes-

tilla.Porites interaction as a system for the study of larval

metamorphosis (reviewed by Hadfield and Pennington,

in press). Here we present results of experiments with P.

sibogae showing that organic solvents, and in particular

ethanol and methanol, can serve as artificial inducers of

metamorphosis. Additionally, we examine age-depen-
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dency of the response to ethanol and methanol, demon-
strate that ethanol and methanol-metamorphosed nudi-

branchs survive to reproduce, and show that larvae of at

least one other gastropod species also metamorphose in

response to ethanol.

Materials and Methods

Larval culture

Routine larval culture methods for Phestilla sihogae
have been fully described by Miller and Hadfield ( 1 986).

Briefly, embryos and early veliger larvae were raised at

25C in their egg masses until 5 days old, when they were

manually hatched. Hatched veligers were maintained in

seawater with antibiotics until "competent" to meta-

morphose (see Hadfield, 1977, and below). Individual

larvae of P. sibogae are either competent or not, but en-

tire batches of larvae gradually become competent dur-

ing days 7-9 of culture at 25C.
Larvae of Crucibulum spinositm were provided by

J. L. Bell (University of Hawaii). The hatched veligers

had been fed in unstirred beakers (see Bell, 1988) for 21

days when they were tested for metamorphic response to

ethanol.

Assays for metamorphic response to solvents

Most assays were conducted in soap-washed or acid-

cleaned (Galigher and Kozloff, 1964, p. 25) 2-ml plastic

tissue culture wells (Fisher Cat. No. 08-772-1), but where

noted, assays were performed in acid-cleaned glass

slender dishes. Both types of containers were covered

during experiments. In experiments in culture wells,

about 20 larvae were pipetted along with 200 n\ of 0.22

^m-filtered seawater (FSW) into each of 2 replicate wells,

each containing 1 .8 ml of a given test solution. Test solu-

tions consisted of organic solvents (analytical. HPLC, or

photograde) dissolved in FSW, though where noted, a

few comparisons employed MBL artificial seawater

(Cavanaugh, 1956). The molar concentration of solvent

in the final 2 ml of assay medium is reported. For those

solvents relatively insoluble in water, a dilution series of

solvent:seawater test solutions was vortexed and ob-

served for disappearance of oily micelles. The most con-

centrated test solutions lacking persistent micelles were

used to prepare assays of these solvents; 5 Mstocks were

used to prepare assays of solvents sufficiently soluble in

water.

Larvae in the wells were counted and scored as meta-

morphosed or not on each of several day's exposure to

solvent. Larvae were determined metamorphosed when

they lost their vela and larval shells, thus becoming juve-

nile nudibranchs. All assays included both positive and

negative controls. In negative controls, larvae were as-

sayed as above in seawater alone, to control for any back-

ground or "spontaneous" metamorphosis. In positive

controls, a living chip of Forties compressa (1-9 mm1

)

was added to wells containing larvae and seawater to as-

sess the competence of larvae to respond to the natural

metamorphic inducer.

Several series of larval assays were conducted with

P. sibogae:

( 1 ) Detailed dose-response curves were constructed

for both ethanol and methanol, spanning 5 orders-of-

magnitude of alcohol concentration and 6 days of expo-
sure, beginning with 1 1 -day-old larvae. Six experiments
of two replicate wells per concentration were conducted

with each alcohol. Several of these experiments addition-

ally compared responses in FSWversus those in MBL
artificial seawater. Another experiment in this series

compared responses to ethanol in acid-cleaned glass

dishes and the plastic culture wells.

(2) In a second series of assays, 14 common organic
solvents were surveyed for metamorphosis-inducing ac-

tivity. These assays began with 11 -day-old larvae and
were run for 2 days over wide solvent concentrations

(from lethal or near-saturated to no discernible effect).

(3) A third series of assays examined the effect of lar-

val age (i.e., precompetent-to-competent larvae) on re-

sponses to both ethanol and methanol. In these assays,

larvae from the same culture but 6, 8, or 1 days old were

exposed to coral, 0.5 Methanol, 0.5 Mmethanol, or

FSWalone and assayed for metamorphosis over the next

3 days. Four replicate wells of each of the alcohol treat-

ments were used in this experiment.

Sum'val and growth of solvent-metamorphosed juveniles

An experiment was conducted to determine if juve-
niles of P. sibogae resulting from solvent-induced meta-

morphosis could survive and grow to adulthood. Eleven-

day-old larvae were pipetted into culture wells contain-

ingO.5 Methanol, 0.75 Mmethanol, orO. 5 Mmethanol.

Metamorphosed nudibranchs were removed from the

solvent solutions over the next two days, counted, and

transferred onto pieces of living coral. Juveniles from the

different solvent solutions were placed on different pieces

of coral, and each piece of coral was isolated in a small

flow-through aquarium. The juveniles fed on the coral,

grew, and became visible to the eye about 2 weeks after

transfer. The nudibranchs were counted at this time and

again at 24 days after transfer, when at least some in each

basket had begun to lay eggs.

Response o/"Crucibulum spinosum to ethanol

Ten veligers of C. spinosum were pipetted into each of

eight glass stender dishes. Two of the dishes contained

0.5 Methanol in FSW, two contained 0.1 Methanol in
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Figure 1 . Cumulative percent metamorphosis oflarvae ofPhestilla

sihogae exposed to a series of ethanol (ETOH) solutions for 6 days.

Larvae were 1 1 days old at the beginning of experiments; plotted results

are pooled means and S. D.'s of 6 experiments, each with 2 replicate

assay wells per ETOHconcentration, each well containing ca. 20 lar-

vae. (A) Metamorphic response plotted as a function of ETOHconcen-

tration on days 2, 4 and 6; larvae were moribund and most eventually

died at concentrations > 0.75 A/ (4%). (B) Response as a function of

duration exposure to ETOHat 0. 1 , 0.0 1 , and 0.00 1 M; maximal larval

response was assayed with a coral chip, and "spontaneous" metamor-

phosis was monitored in wells containing larvae and seawater alone.

FSW, and two contained 0.01 Methanol and FSW. The

final pair of dishes contained FSWalone. The larvae

were scored for metamorphosis on each of the next 3

days; animals were determined metamorphosed when

their vela had completely disappeared.

Results

Assays for metamorphic response to solvents

Ethanol and methanol. Eleven-day-old veligersof/Vu'-

stilla sibogae metamorphosed when exposed to both eth-

anol (Fig. 1 A-B) and methanol (Fig. 2A-B). Very few of

the larvae (<5%) metamorphosed over the 6 days of the

experiments in filtered seawater alone, and 85-100% of

the larvae metamorphosed within 1-2 days of exposure

to a living chip of the coral Porites compressa (Figs. IB,

2B). Maximal response to ethanol was between these

control values, with 60-80% oflarvae metamorphosing

in 0.1 Methanol (Fig. 1A). At least a few larvae meta-

morphosed at all doses between 5 X 10~
4 and 1 .0 A/, but

larvae were always moribund and usually died in solu-

tions at and above 0.75 M(ca. 4%) ethanol. Maximal

response to methanol was lower, with 20-35% oflarvae

metamorphosing in 0.1-1.0 M methanol (Fig. 2A).

Effective doses ranged between 0.001 and 1.75 M, but

a few metamorphoses occurred at lesser concentrations.
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Figure 2. Cumulative percent metamorphosis oflarvae ofPhestilla

sihogae exposed to a series of methanol (MEOH) solutions for 6 days.

Larvae were 1 1 days old at the beginning of experiments: plotted results

are as described under Figure 1 . (A) Metamorphic response plotted as

a function of MEOHconcentration on Days 2, 4. and 6; larvae were

moribund and most eventually died at concentrations > 1.75 A/ (7%).

(B) Response as a function of duration exposure to MEOHat 0.5, 0.1,

and 0.0 1 M: maximal larval response was assayed with a coral chip, and

"spontaneous" metamorphosis was assayed in seawater alone.
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Table I

Organic no/rents ax.taycil for capacity lo induce metamorphosis

oj Phestilla sibogae, listed hy decreasing polarity

Compound
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Table II

Phestilla sibogae: survival of alcohol-induced nudibranchs

until beginning oj egg-laying

Initial no. Number Number Egg masses

Metamorphic juveniles alive alive present?

inducer (DayO) (Day 14) (Day 24) (Day 24)

Coral
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trast, live coral usually induces nearly all larvae to meta-

morphose within 48 h. The maximum percent metamor-

phosis produced by choline, the range of effective choline

concentrations, and the delayed response to choline are

all similar to our present results with organic solvents.

Maximally effective choline doses are also just beneath

toxic levels, as observed here with many of the solvents.

These similarities might suggest that the solvents and

choline function in the same or a similar manner. Con-

versely, the dose/response curves of the different solvents

and choline are clearly different in some respects, and,

unlike choline, the organic solvents cannot be involved

in neurotransmitter biosynthesis (see Hirata and Had-

field, 1986).

Larval responses to both excess K+
(Yool el a/., 1986)

and epinephrine (Hadfteld, 1984) are more rapid (i.e..

some response within 24 h) than to solvents or choline,

and the maximum percentages of larvae to respond to

K+
are higher (>90%) than for solvents or choline. These

differences probably indicate that solvents, K+
,

and epi-

nephrine operate via different mechanisms. Neverthe-

less, solvents and K 4

, at least, probably induce metamor-

phosis through relatively nonspecific interference in ner-

vous function.

Wehave had the opportunity to test larvae of only one

additional invertebrate species for a metamorphic re-

sponse to an organic solvent. In these experiments, lar-

vae of the gastropod Crucibulum spinosum readily meta-

morphosed in response to ethanol. While these results

are very limited, they suggest that competent larvae of

other invertebrate species may also metamorphose in re-

sponse to solvents. If so, ethanol in particular may prove
of use to larval culturists as a widely available and rela-

tively cheap and non-toxic inducer of metamorphosis.

Conversely, in laboratories where organic solvents are

commonly used, larval biologists should be aware that

contamination of solutions by organic solvents may
cause unwanted metamorphoses of competent larvae.

Acknowledgments

We thank Sister Phyllis Plantenberg for making the

observations which led to this paper, L. Ho-Iseke and S.

Miller for help in the laboratory, and J. Bell for larvae of

Crucibulum spinosum. The work was supported by NSF
Grant DCB8602 149 to M.G.H.

Literature Cited

Bell, J. L. 1988. Optimal feeding by gastropod larvae: patches and

picoplankton. Am. Zoo/. 28: I67A.

Browning, E. 1965. Toxicity ami Metabolism of Industrial Solvents

Elsevier Pub., NewYork. 739 pp.

Burke, R. D. 1983. The induction of metamorphosis of marine inver-

tebrate larvae: stimulus and response. Can J. Zool. 61: 1701-1719.

Cavanaugh, G. M. 1956. Formulae and methods 17 of the Marine

Biological Laboratory Chemical Room. Woods Hole. Massachu-
setts. Pp. 62-69.

Chia, F. S., and M. E. Rice, eds. 1978. Settlement and Metamorpho-
sis of Marine Invertebrate Lar\ae. Elsevier/North-Holland, New
York. 290 pp.

Crisp, D. J. 1974. Factors influencing the settlement of marine inver-

tebrate larvae. Pp. 177-265 in Chemoreception in Marine Organ-
isms. P. T. Grant and A. N. Mackie, eds. Academic Press. London.

Crisp, D. J. 1976. Settlement responses in marine organisms. Pp. 83-

124 in Adaptations to Environment: Essavs on the Phvsiologv of
Marine Animals. R. C. Newell, ed. Butterworths, London.

Galigher, A. E., and E. N. Kozloff. 1964. Essentials of Practical Mi-

crotechnique. Lea & Febiger, Philadelphia. 484 pp.

Hadfield, M. G. 1977. Chemical interactions in larval settling of a

marine gastropod. Pp. 403-4 1 3 in Marine Natural Products C 'hem-

istry. D. J. Faulkner and W. H. Fenical, eds. Plenum Press, New
York.

Hadfield, M. G. 1984. Settlement requirements of molluscan larvae:

new data on chemical and genetic roles. Aijiiaculture39: 283-298.

Hadfield, M. G., and J. T. Pennington. In press. The nature of the

metamorphic signal and its internal transduction in larvae of the

nudibranch Phcstilla sihogae. Bull Mar Sci. 46(2).

Hirata, K. Y., and M. G. Hadfield. 1986. The role of choline in meta-

morphic induction of Phestilla (Gastropoda. Nudibranchia).

Comp. Biochem. Physio/. 84C: 15-21.

Meadows, P. S., and J. I. Campbell. 1972. Habitat selection by

aquatic invertebrates. Pp. 27 1 -36 1 in Advances in Marine Biology.

F. S. Russell and M. Yonge, eds. Academic Press, London.

Miller, S. E., and M. G. Hadfield. 1986. Ontogeny of phototaxis and

metamorphic competence in larvae of the nudibranch Phesttlla si-

bogae Bergh (Gastropoda: Opisthobranchia). J E.\p. Mar. Biol.

Eco/. 97: 95-1 12.

Yool, A. J., S. M. Grau, M. G. Hadfield, R. A. Jensen, D. A. Markell,

and D. E. Morse. 1986. Excess potassium induces larval meta-

morphosis in four marine invertebrate species. Biol. Bull. 170: 255-

266.


